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By Jack N. Nlelsen and Harold H. Sweberg

SUMMARY

Calculations have been made to show the magnitude
of the compressibllity effects on the downwash at the
tall et suberltical speeds. Lxperimentel results of tests
of two airplane models are included to give some verifl-
catlon of the theory.

The calculations cshowed thut the effects of compressil-
bility on the span load distribution along the wing and
on thc downwash angle at the tall are small for constant
values of the 11ft coefficient. The experlmental results
confirmed these calculations.

INTRODUCTION

A rational solution for the problem of longltudinal
stabllity at high speeds requilres a inowledge of the
effects of compressibility on the downwash in the region
of the horizontal tall surface, Studles of this problem
for speeds below the critical have been reported by Husk
in reference 1 and by Goldsteln and Young in reference 2,
In reference 1 the downwash at the tall 1s sssumed to be
unaffected by increases ln Mach number for constant
values of the 1i1ft coefficient. In reference 2, on the
basls of the Alauvert-Prandtl theory, the downwash 1s
found to decrease slightly with increases in Mach number
for constant values of the 1ift coefficient and span
loading, Yo experimental verificatlions of the conclu-
sions stated in these reports are glven.

The present paper presents theoretical calculations,
vased on the methods of reference 2, to show the magnitude
of the compressibility effects on downwash and glves some
experimental verification of the theory. Calculations
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have been made to obtaln the span load distributions along
the wing and the average downwash angles at the tall of a
typleal pursult alrplane for a range of 1ift coefficlent
and MYach number. Wind-tunnel teet data showlng the effect
o' coupressibllity on the average downwash angles at the
tail have also been lncluded for two alrplcne models.

SYMBOIS

Ct, airplane lift coefflcient (horlzontal tail
removoed)

1y basic section 1lift coefficient (CL = O)

Clq additional section 1ift coefficient

Mo free-stream Mach number

c chord

b wing span

Yy distance outboard along span from wing
center line

x dlstance from wing quarter-chord line to -
elevator hinge line

€ downwash angle, degroees

a angle of attack, degrees

a(a =0°) airplane angle of attack for zero angle of
t attack of tall, degrees

i angle of 1incidence of stabllizer relative
t
to alrplane reference line

THEORETICAL CALCTULATIONS

The effects of compresslbility on the downwash st
the tall may be consldered the result of two factors:
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the change in span loading along the wing and the change

.in downwash for a given span loading. Methods for calcue

lating both these clianges are ‘given in reference.2 in,

. which the @Glauert-Prandtl theory of compressible flow 18

used. According to reference 2, the span loading for any
Mach number may be approximated b{ uaing the slope of the
1ift curve for compressible flow In the equation of the
lifting-line theory -(reference 3). The downwash at a
distance x behind the lifting line may now be determined
by tlie methods of reference li for incompressible flow
except that the distance of the tall behlind the lifting

1ine is inereased by the ratio L/VE - Ma?.

In order to show the magnitude of the compressibility
effects, calculations have been made 1n whlich the afore-
mentioned methods are used to determine the span loading
along the wing and the resultant downwash at the tall of
a high-speed pursuit airplane. The distributions of twist
and chord along the wing shown in figzure 1, which corre-
spond approximately to the distributions for a modern
pursuilt airplaeane, were used for the calculations. The
twlist at the inboard sections 1s used to increase the
critical speed of the wing-fuselage juncture.

Span lcocad distribution.- The load distribution along
the span has been determined in two parts. The first
part, which 1s due to wing twist, 1s the load distri-
bution at zero 1ift and 1s referred to as the basic load
distribution. This distrlbution has been calculated by
the method of reference 5 using ten harmonlics for the
circulatlion because of the sharp break in the wing twlst
distribution. For these calculatlons, the slope of the

section 1ift curve was taken as 5. 67/\/5: - M2

radlan. Baslc load distributions along the wing sgan

are given in figure 2 for Mach numbers of 0 and O
Although the slope of the section lift curve for M, = 0.8

18 increased 66 percent over that for M, = 0, the ordi-

nates of the basic-load-distribution curve show an average
increase of only about 20 percent; that ls, the effect of
the increased slope of the section 1lift curve is dimin-
ished to a large extent as a result of the small span
within which the twlst 1s effected.

The second part of the load dlstribution 1s that due
to the untwlisted wing operating at a given 1ift coeffi-

clent and 1s referred to as the additlonal load distribution.
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This distribution has been taken from reference 6 for.a
1ift coefficient of 1.0 and 1s shown plotted 1n flgure 3
for Mach numbers of 0 and 0.8. The additional load
distributlion 1s seen to be almost unaffected by com-
pressibility. Thls result depends on the wing plan form.
For an elliptical wing, the additional lodd distributlon
remalns elliptical regardless of the slope of the sectlon
11ft curve. For other than elliptlicel wings, Increasing
the slope of the section 1lift curve ceuses the additional
load distribution to become more nearly elliptical but
the effect will normally be small, as in the present case.

The additional load dlstribution for 1lift coefficlents
other than 1.0 may be obtained siwply by rultiplying the
ordinates in figure 3 by the 11ft coefficlent. Since the
total load distributlon 1s obtained by adding the addi-
tlonal load dlstribution to the baslc load distribution,
it may be concluded that below the critlcal speed the
total load distribution for a given 1lift coefficient will
also be changed very llttle by compressibility. Span
load distributions for elliptical wings of approximately
zero aerodynamlic twist given 1n referencs 7 and celculated
from experimental sectlon-lift-curve slopes show very
smell changes with Mach number up to the critlical speed.

Downwash at tall.- By using the compressible-flow
span load distributlons, calculations have been made by
the method of reference L of the average downwash across
the taill span for a range of 1ift coefficlent and Mach
number., For these calculatlions, the angle of attack for
zero 1lift was assumed to be 1ndependent of .Mach
number and the distance.of the tail behind the 1lifting

1line was taken as 0.955 V1 - M 2, The downwash angles
L ng

were calculated at three polnts along the tail semispan
and the results were averaged to obtaln the average
downwash angle at the tall. These results are shown in

figure L.

The variatlons of downwash angle with Mach number
for constant values of 1ift coefficient (fig. li) are
small. For low values of the 1lift coefficient, the
changes in downwash angle with Mach number are inappre-
clable except at very high values of the Mach number
(above about My = 0.7). At the high 1ift coefficlents,

the downwash decreased slightly with increasing Mach
number up to a Mach number of about 0.7. At Mach numbers
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higher than about 0.7, the downwash angle decreases more
rapidly than at the lower Mach numbers.

The decrease 1in downwash angle with Mach number for
constant 1ift coefficlent results from two effects:
(1) the distance from the lifting line to the tall, used
for the downwash computations, increases with increasing
Mach number, and (2) the tall moves farther above the
wake since, for a given 1lift coefficlent, the angle of"
attack decreases as the Mach number lncreases.

It has already been remarked that increasing Mach
number causes the span load dlstribution to become more
elliptical, For a highly tapered wing, which has pro-
portionately more trailing vortlclty inboard than an
elliptical wing, the effect tends to cause a reduction in
downwash; for a rectangular wing, which has proportion-
ately more tralling vorticity outboard, the effect tends
to cause an lncrease in downwash. In elther case, as for
the load distribution itself, computatlons show that the
effect 1s small.

Although the change 1in downwash angle with Mach
number for constant 1ift coefflclent has been shown to be
small, it does not follow that the change in the longi-
tudinal stability characteristics will be small. 1In
particular, the angle of attack of the wing for a glven
11ft coefficient willl decrease with increasing Mach number
because of the increase 1n the slope of the 1lift curve and,
as &a result, the angle of attack of the tall for the same
11ft coefficient will decrease a corresponding amount. .
Thls decrease in tall angle of attack for a given 11ft
coefficlent wlll cause an increase in airplane pitching-
moment coefflcient and a rearward shift of the neutral
polnt. Because of the different aspect ratlos of the wing
and tall, furthermore, a disproportionate increase 1n the
wing and tall lift-curve slopes wlll occur that also

causes a shift of the neutral point.

EXPERIMENTAL RESULTS

An analysis has been made of, wind-tunnel test data
obtained at high Mach numbers to verify experimentally
the theory and calculations presented in the preceding
gsection. The data were obtalned from tests of complete
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models of the P-51B and XP-58 airplenes in the Ames
16-foot high-speed wind tunnel. Downwash angles were
computed from the results of pltching-moment measurements
with the horizontal tall set at several angles of incl-
dence and with the horizontal tail removed. The inter-
sectlon of the pitching-moment curves for thls model with
the tail on and with the tall off gave the airplane angle
of attack for which the tall angle of abtack 1s zero.

The downwash angles were then computed from the relatlon

€ = aQ“t=0°) + 1¢

where a(at:OO) 1s the alrplane angle of attack for

zero tall angle of attack and 1; 1s the stablllzer
inclidence, relative to the alrplane reference axls.

Inasmch as the wilnd-tunnel test data were corrected
by Incompressible-flow methods, it was necessary to
Investigate the effect of compressibllity on the wind-
tunnel wall correctlons. The effect of the tunnel walls
1s to cause an increment of upwash at the wing and an
additional increment of upwash at the tall. These incre-
ments necessitate a correction to the alrplane angle of
attack and tall-on pitching-moment coefficlent. Goldsteln
and Young (reference 2) showed that the correction to the -
alrplane angle of attack 1s unchanged for compressible
flow but that the correction to the tall-on pitching-
moment coefficlent must be adjusted for compressibility.
This adjustment 1s made by assumling that the tall 1s at

a distance x'VI - M02 Instead of a distance x behind_
the wiing quarter-chord line.

The variation of the downwash angle with Mach number
for several values of the 1l1ft coefficlent 1s given in
flgure 5 for the P-51B elrplane model. In order to show
the limits of the subcritical region and also to faclli-
tate the use of the data given in figure 5, curves of
11ft coefficlient ageinst Mach number for several angles
of attack are given in figure 6. Similar downwash and
1ift data are presented in figures 7 and 8 for the XP-58
airplane model., For both airplane models some downwash
exlsts at zero 1ift (between 1° and 2°), No definite
reason can he given for thls apparent discrepancy; 1t may
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result, however, from eilther the wing twist or lnaccu-

racles ' in the taill.settings, or from both., Although the

absolute_magnitude of the downwash angles may be 1ln error,
the variation of the downwash angle with-Mach .number 1is
£Lonsidered accurate.

The results plotted 1n figures 5 and T show that at
low 1lift coeffilcients, which- correspond to high-speed
flizht, the change in downwash angle with Mach number 1s
negligible. At the high 1lift coefficlents, some change
in the downwash angle with Mach number occurs. This
change 1s small for the case of* the P-H1B alrplane model
but amounts to about 0.5° for the XP-58 airplane model.
The experimental results, in general, agree with the
theory in that the variation of downwash. angle with Marh
number et constant 11ft coefficient is relatively small.

DOWMYASH AT STPERCRITICAL SFPEEDS .

L

Although the present papér is primairlly concerned
with the downwash at subcritlcal specds, a few remarks
regarding the downwash at supercritical spbeds should be
made.  FEvidence is avallable (references 7 and 8) which .
shows that large changes in span loading may occur at |
supercritical speeds. The changes 1in span loading may
causdo appreciable changes in tho downwash at the tail.

"If flow bBreakdown due to shock occurs first at the ilnboard

winz sections because of their thlckness or because of
wing fuselapge interference, there.wlll be a shift of the
load outboard and a consequent reduction in the downwash
at thé tall. Unfortunately, these effects are not well
understood because theory has not been developed and
wind-tunnel test data are insufficient at supercritical
speeds for which conditions the wind-tunnel tare and
intérferénce corrections are not well understood at
present. : .

" CONCLUDING REMARKS

Theoretical cglculations have shown that the effect
of compressibllity at subecrltical speeds on the span load
distribution along the wing and on the downwash angle at
the tail 1s emall for constant values of the 1lift coef-
ficient. Experimental results of the downwash varlation
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with Mach number for two airplane models confirmed these
calculatlons. At supercritlcal speseds, however, large
changes in the span loading and in the dovmwash for
constant values of the 1lift coefficient may occur.

Langley Kemoriel Aeronartical Laboratory

National Advisory Committee for Acronautics
Langley Field, Va,
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